Optically pumped semiconductor disk lasers (SDLs) provide high beam quality with high average-power power at designer wavelengths. However, material choices are limited by the need for a distributed Bragg reflector (DBR), usually monolithically integrated with the active region. We demonstrate DBR-free SDL active regions, which have been lifted off and bonded to various transparent substrates. For an InGaAs multi-quantum well sample bonded to a diamond window heat spreader, we achieved CW lasing with an output power of 2 W at 1150 nm with good beam quality.
INTRODUCTION
Optically pumped semiconductor disk lasers (SDLs), also called vertical external-cavity surface-emitting lasers (VECSELs), have gained significant attention due to their wavelength flexibility [1] and high continuous wave (CW) output powers [2] with good beam quality. Due to the external cavity configuration, they are superior to edgeemitting semiconductor lasers for applications requiring intra-cavity access, like frequency doubling with non-linear crystals [3] , optical parametric oscillators (OPOs) [4] , mode locking with saturable absorbers [5] , or even intracavity laser cooling [6] .
Currently, a typical straight cavity SDL consists of an active region and a monolithically integrated distributed Bragg reflector (DBR), with an external dielectric mirror to complete the cavity. To achieve high reflectivity DBRs, sufficient refractive index contrast is necessary between the high and low index layers. The relatively small index contrast in semiconductor materials typically requires tens of DBR pairs, producing structures that are several microns thick. To maintain good material quality, the DBR must be lattice matched to the substrate, a condition not every semiconductor system can satisfy. Some material systems satisfy these conditions, but the DBRs have low thermal conductivity, which hampers the thermal management of the gain chip. Wafer fusion [7] has been proposed as a solution to this problem, growing the gain region and semiconductor DBR separately and directly bonding the together. This eliminates the lattice matching condition between DBR and gain region and this method has achieved high powers [2] , but this approach can be complicated to implement.
In this paper, we demonstrate a few designs of SDLs without the use of semiconductor DBRs. After epitaxial layer lift-off of the gain structure and direct bonding to a transparent window or prism, we use external dielectric mirrors to form the cavities. Without semiconductor DBRs, VECSEL-like geometries can be applied to more material systems conveniently. Compared to semiconductor DBRs, dielectric DBRs or total internal reflection geometries have much broader high reflection band, which will improve the source tunability. transmitted through the gain chip, or reflected by total internal reflection, depending on the device geometry. For DBR-free VECSELs, the most critical step is the sample bonding. Following the procedures in [8, 9] , the epitaxial surface is protected with black wax and lifted off from the substrate by etching an AlAs layer with HF acid. Then the sample is transferred to the new substrate and pressure is applied to achieve good bonding. All the processing is performed at room temperature in a cleanroom environment.
Transmission geometry
The active region consists of 8 InGaAs/GaAsP quantum wells (QWs) emitting near 1150 nm grown with In0.51Ga0.49P windows and an AlAs release layer on GaAs substrate without semiconductor DBR. The gain chip was lifted off and van der Waals bonded onto a 500 µm thick single crystal CVD grown diamond window, which is mounted onto a copper block water cooled to 10 ºC. Unlike the regular straight cavity VECSELs, here two curved dielectric mirrors, a 10 cm radius of curvature high reflector and a 25 cm radius of curvature 0.5% transmission output coupler (OC), are used to complete the external cavity. Total cavity length is about 34.5 cm. A fiber coupled 20 W 808 nm diode laser is focused down to 200 µm in diameter to pump the VECSEL through the diamond window at about 20 degree incident angle. A schematic diagram is shown in Figure 1 . The VECSEL output power as a function of incident diode pump power is shown in Figure 2 . No thermal roll-over is observed for the available pump power. Threshold is at about 1 W. With respect to the incident pump power, the slope efficiency is about 10%, but 20% of the pump power is reflected and 13% is transmitted by the active region. The output beam profile is characterized with a CCD camera and shown in Figure 3 . Wavelength /nm 14 16 Average pump power /mW
Total internal reflection geometry
Besides the transmission geometry, total internal reflection can also be used to fold the cavity. Rather than a window, the QW sample is lifted off and directly bonded onto the oblique surface of a right angle fused silica prism. The active region consists of 12 InGaAs/GaAsP QWs in a resonant periodic gain structure with InGaP windows and AlAs release layer, designed to operate at 1020 nm. No active cooling was applied to the prism. The gain region is pumped with a CW Ti:sapphire laser at 820 nm modulated with approximately a 1% duty cycle using an optical chopper and focused down to 80 µm in diameter on the gain chip. Two 5 cm radius of curvature high reflectors were used to complete the cavity with total cavity length of 8.8 cm. The geometry is shown in Figure 5 . The prism surfaces were uncoated. Figure 5 . Schematic diagram of pulsed setup for total internal reflection geometry.
The laser output power is very low, because both mirrors are high reflectors. Thermal roll-over is shown in Figure 6 , which is expected since fused silica has very low thermal conductivity and the intra-cavity power is very high. The laser operates at 1046 nm near threshold, as shown in Figure 7 . By increasing the pump power, the lasing wavelength slightly redshifts. 
THERMAL ANALYSIS
For VECSEL power scaling, thermal management is key. For the transmission geometry, we used the heat transfer module in the finite element software Comsol to do preliminary thermal analysis. The transmission geometry DBRfree VECSEL is very similar to the intra-cavity heatspreader approach [10] , but does not have an extra heat source in the DBR. Because the cooling power can only be applied to the outer ring of the diamond window, where it is not in the laser or pump laser beam path, heat flow is radial, compared to the mostly one-dimensional heat flow in a traditional VECSEL. As shown in Figure 8 , with the same pump power density, by increasing the pump power, the maximum temperature rise is increasing, which is different from the typical VECSEL with only extra-cavity heatspreader. This, however, can be significantly improved by placing heat spreaders on both sides of the active region. Using two 1 mm thick diamond windows yields a much lower temperature rise for all pump powers, making it a very promising approach for future power scaling. . Heating load fraction of the absorbed pump in the gain area is 70%. For the regular VECSEL scenario, pump absorption in DBR is also considered. Gain area thickness is 2 µm and the absorption coefficient in the gain area is 1000 mm -1 . The inset is the double diamond geometry.
CONCLUSIONS
In this work, we demonstrate two kinds of novel semiconductor disk laser geometries without the use of semiconductor DBRs. Without DBRs, VECSELs can cover more semiconductor material systems. Wide tunability is an extra advantage of these lasers. We have demonstrated CW lasing with 2 W of output power and 50 nm of tuning range around 1150 nm using a single diamond window. A proof of principle experiment also showed (pulsed) lasing of a total internal reflection based geometry. Preliminary thermal simulations suggest, that a double diamond transmission geometry should have significant advantages in thermal management over existing heat spreader approaches.
